Background: Inflammatory gene expression is reduced by anti-inflammatory glucocorticoids. Results: With an inflammatory stimulus, glucocorticoids enhance expression of the phosphatase, DUSP1. This plays a transient role in the repression of some inflammatory genes. Conclusion: Glucocorticoids repress inflammatory gene expression via DUSP1-dependent and -independent mechanisms. Significance: Consideration of both DUSP1 and DUSP1-independent effectors is necessary to improve anti-inflammatory glucocorticoid action.
also illustrates key roles for DUSP1-independent effectors in mediating glucocorticoid-dependent repression.
Acting on the glucocorticoid receptor (NR3C1), glucocorticoids are central to the treatment of many inflammatory conditions (1) . In asthma, where glucocorticoids are typically inhaled and referred to as inhaled corticosteroid, they act on multiple cells, in particular airway epithelial cells, to decrease the expression of cytokines, chemokines, adhesion molecules, and other inflammatory proteins (2) . This reduces the recruitment and survival of many leukocytes and suppresses airways inflammation. However, clinical usage of glucocorticoids is limited by numerous side effects including increased gluconeogenesis, elevated blood glucose, amino acid and fatty acid mobilization, osteoporosis, and hypothalamic-pituitary-adrenal axis suppression (3) . These effects arise from the normal endocrine roles of NR3C1 and indicate an unmet clinical need to improve the therapeutic index of NR3C1 ligands for anti-inflammatory therapies (4) .
Unliganded NR3C1 is retained in the cytoplasm as a multiprotein complex. Binding of glucocorticoid to NR3C1 induces exchange of FK506-binding protein (FKBP) 2 51 (FKBP5) for FKBP52 (FKBP4) and promotes nuclear translocation of the receptor (5) . Although NR3C1 acts at glucocorticoid response elements to promote gene transcription (i.e. transactivation) (6) , the principal anti-inflammatory effects of glucocorticoids are associated with the repression of inflammatory gene expression (1) . One explanation for these repressive effects is interaction of NR3C1 with inflammatory transcription factors, such as nuclear factor (NF)-B or activator protein-1 (7) . This directly represses, or transrepresses, inflammatory gene transcription in part by recruiting histone deacetylases to inflammatory gene promoters (8) . However, direct transcriptional repression does not address the fact that glucocorticoid-dependent repression of many inflammatory genes is only partially transcriptional and can involve post-transcriptional and translational mechanisms (9, 10) . Furthermore, the repression of inflammatory gene expression by glucocorticoids can often be prevented by transcriptional or translational blockade (9, 11) . For example, repression of cyclooxygenase-2 (PTGS2) expression by dexamethasone is prevented by transcriptional blockers in human fetal lung IMR-90 fibroblasts and A549 type II epithelial cells (12, 13) . Such data imply that glucocorticoid-dependent gene expression plays a role in repression (9, 11) . Indeed, many potentially repressive factors, for example the NF-B inhibitor, inhibitor of B␣ (NFKBIA), the transcriptional repressor, glucocorticoid-induced leucine zipper (TSC22D3), and the mRNA destabilizing protein, tristetraprolin (ZPF36), are all induced by glucocorticoids (14) . Similarly, the ability of glucocorticoids to induce expression of the dual-specificity mitogen-activated protein kinase (MAPK) phosphatase 1 (DUSP1) explains the gene expression-dependent inhibition of MAPK signaling by glucocorticoids (15, 16) . Because activation of NF-B-and activator protein-1-dependent transcription, inflammatory gene mRNA stabilization and translation are all partly MAPK-dependent, this illustrates how glucocorticoids may profoundly repress inflammatory gene expression (14, 17) . Indeed, DUSP1 expression is strongly, but transiently, induced by inflammatory stimuli and a firm role in feedback inhibition of MAPKs and the expression of many inflammatory genes is established (18 -22) . However, whereas the glucocorticoid-dependent repression of inflammatory gene expression is impaired for some genes in Dusp1-deficient mice, this does not hold for all repressed genes (23, 24) . Similarly, DUSP1 is implicated in the glucocorticoid-dependent repression of CXCL1 and IL6 from human airway smooth muscle cells (25, 26) , and IL8 from human airway epithelial cells (27) . Despite this, and an often clear dependence on MAPKs, the demonstration of a role for glucocorticoid-induced DUSP1 in the repression of inflammatory gene expression can prove difficult (28, 29) .
Because pulmonary A549 cells, like primary bronchial epithelial cells, show glucocorticoid-dependent repression of inflammatory gene expression, these cells were used to investigate the regulation of interleukin-1␤ (IL1B)-induced inflammatory mRNAs by dexamethasone (30) . We previously identified 11 IL1B-induced mRNAs whose expression was not reduced by the translational blocker, cycloheximide, yet their repression by dexamethasone was cycloheximidesensitive (30) . As the dexamethasone-dependent repression of these mRNAs was attenuated by both a NR3C1 receptor antagonist and siRNA-mediated knock-down of NR3C1 (30), these genes represent prima facie targets for glucocorticoid-inducible anti-inflammatory genes. This model is therefore used to explore possible repressive roles of DUSP1 induced by IL1B and IL1B plus the synthetic glucocorticoid, dexamethasone.
EXPERIMENTAL PROCEDURES
Gene Nomenclature-To avoid ambiguity, all genes, and gene products, are referred to throughout by their official Human Genome Organization (HUGO) gene nomenclature committee gene symbols. In some cases, full common names are initially given as an aid to readers.
Cell Culture and Drugs-A549 cells were grown to confluence in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum and L-glutamine (all Invitrogen) in 6-well plates for all experiments except siRNA transfections, which were carried out using pre-confluent cells in 12-well plates. Cells were incubated in serum-free medium overnight prior to all experiments. Cells were changed to fresh serum-free medium containing cytokine and/or experimental drugs. IL1B (R&D systems) was dissolved in phosphate-buffered saline plus 0.1% bovine serum albumin (both Sigma). Dexamethasone (Sigma) was dissolved in Hanks' balanced salt solution (Sigma) and 203850 (Calbiochem), JNK inhibitor 8 (Calbiochem), and U0126 (Calbiochem) were dissolved in DMSO to final concentrations of Ͻ0.1%.
Enzyme-linked Immunosorbent Assay (ELISA)-Supernatants were harvested and ELISA for IL8, IL6, CSF2, or CXCL1 was performed using DuoSet ELISA kits (R&D Systems).
Western Blotting-Western blot analysis was as previously described (28) . Following electrotransfer, Hybond-ECL membranes (GE Healthcare BioSciences) were probed with antisera against DUSP1 (M-18, sc-1102), PTGS2 (sc-1746), c-Jun (JUN) (sc-1694) (all Santa Cruz Biotechnology), phospho-p44/42, extracellular regulated kinase (ERK) 1/2 (number 9101), phospho-p38 MAPK (number 9211), phospho-JUN N-terminal kinase (JNK) (number 9251) (all Cell Signaling Technology), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (4699 -9555(ST), AbD Serotec). After washing, membranes were incubated with horseradish peroxidase-linked secondary immunoglobulin (Dako or Jackson ImmunoResearch Laboratories) and immune complexes were detected by enhanced chemiluminescence (GE Healthcare).
RNA Isolation, cDNA Synthesis, and Real Time-PCR-Total RNA was extracted using the RNeasy mini kit (Qiagen) and 0.5 g was reverse transcribed to cDNA (Quantas). Resultant cDNA was diluted 1:4 with RNase-free water and 2.5 l were analyzed by SYBR Green ER (Invitrogen) real-time polymerase chain reaction (PCR) using ABI 7900HT or StepOnePlus TM instruments (Applied Biosynthesis). Relative cDNA concentrations were obtained from standard curves generated by serial dilution of an IL1B-treated sample. Amplifications were: 50°C, 2 min; 95°C, 10 min then 40 cycles of 95°C, 15 s; 60°C, 1 min. Primer specificity was assessed using dissociation (melt) curve analysis: 95°C, 15 s; 60°C, 20 s followed by ramping to 95°C over 20 min. The specificity of primers was indicated by a single peak in the change of fluorescence with temperature.
Adenoviral Infection-A549 cells grown to ϳ70% confluence were incubated for 24 h with the indicated multiplicity of infection of DUSP1-expressing adenoviral vector (Ad5-DUSP1) (Seven Hills Bioreagents) or a GFP (green fluorescent protein)expressing vector (Ad5-GFP) (Qbiogene) as described (28) .
siRNA-mediated Gene Silencing-A549 cells were grown to ϳ60 -70% confluence in 12-well plates. Cells were washed with serum-free medium and then incubated with 1 ml of serum-free medium containing 25 nM siRNA at 37°C for 24 h prior to the addition of cytokine and drugs. Transfection medium was prepared by mixing each siRNA with Lipo-fectamine RNAiMAX (1 l of 1 g/l) (Invitrogen) in 100 l of serum-free DMEM at room temperature for 30 min prior to dilution to 1 ml and addition to cells.
Sequences for siRNA targeting were: DUSP1 siRNA 1 (SI00374801; 5Ј-TAG CGT CAA GAC ATT TGC TGA-3Ј); DUSP1 siRNA 2 (SI00374808; 5Ј-CTG TAC TAT CCT GTA AAT ATA-3Ј) (all Qiagen); and Lamin A/C (LMNA) siRNA (control siRNA) (5Ј-AAC TGG ACT TCC AGA AGA ACA-3Ј) (Qiagen).
Data Presentation and Statistical Analysis-All data are plotted as mean Ϯ S.E. Statistical testing was performed using ANOVA with a Bonferroni post-test for five or fewer comparisons. Where greater than five comparisons are required, the Bonferroni post-test gives high and increasingly inappropriate false-negative rates (i.e. type II, or ␤, error). Therefore ANOVA with Newman-Keul multiple comparison test was used for greater than five comparisons as suggested for greater power in hypothesis testing (Prizm 5, Graphpad Software). For comparisons against a single control column ANOVA with a Dunnett's post-test was used.
RESULTS

Effect of Dexamethasone on MAPK Activation by IL1B-Ac-
tivation of the p38 and ERK MAPK pathways by IL1B was previously found to be repressed by dexamethasone, in A549 cells (28, 29) . We now show that IL1B robustly activated, as assessed by TXY motif phosphorylation, the p38, ERK, and JNK MAPK cascades and that dexamethasone co-treatment repressed all three pathways at 1, 2, and 6 h post-treatment ( Fig. 1A ).
Although repression was primarily observed at, and after, 1 h, the peak in IL-1␤-induced MAPK activity occurred at 30 min. At this time the effect of dexamethasone was variable, with no repression in some analyses and partial repression in others. Thereafter, IL1B-induced MAPK activation was reduced with time and the repression by dexamethasone became increasingly apparent.
DUSP1 Expression Is Induced by IL1B and Dexamethasone-The repression elicited by dexamethasone correlated with the expression of DUSP1 protein, which was strongly induced by IL1B at 1 h in a manner that was enhanced by dexamethasone at multiple time points ( Fig. 1B) . Following IL1B plus dexamethasone treatment, DUSP1 protein was detected at 30 min and dexamethasone alone induced DUSP1 expression at 1 h. At 2 h, dexamethasone-dependent expression of DUSP1 was also enhanced by dexamethasone with less effect of IL1B alone. At 6 h DUSP1 expression was primarily dexamethasone-dependent with some enhancement by IL1B.
Effect of Dexamethasone on IL1B-induced Gene Expression-Following treatment with IL1B, 11 mRNAs (official human genome nomenclature committee symbol with other commonly used gene symbols in parentheses), CCL2 (MCP1), CCL20 (MIP3␣), CSF2 (GM-CSF), CXCL1 (GRO␣), CXCL2 (GRO␤, MIP2␣), CXCL3 (GRO␥, MIP2␤), IL6 (IL-6), IL8 (IL-8, CXCL8), ISG20 (CD25), OLR1 (LOX1), and PTGS2 (COX-2), which previously showed enhanced expression by IL1B that was reduced by dexamethasone in a cycloheximide-sensitive manner (30) , were all strongly up-regulated ( Fig. 2, A and B) . Expression of CXCL1, IL8, and IL6 increased progressively over 6 h, whereas CXCL2 mRNA expression was highest at 1 h and was modestly reduced by 6 h. In the case of CCL2, CCL20, CXCL3, PTGS2, and CSF2 mRNAs, expression increased from 1 to 2 h, before remaining essentially static (CCL2, CCL20, CXCL3, and PTGS2) or reducing (CSF2) by 6 h ( Fig. 2A ). These kinetics are consistent with a rapid induction of mRNA expression due to pre-existing factors, i.e. these are immediate/early primary response genes whose expression induced by IL1B was not reduced by the translational blocker, cycloheximide (30) .
By contrast, the kinetics of IL1B-induced ISG20 and OLR1 mRNAs showed no, or low, enhancements at 1 h, with only modest increases at 2 h, prior to substantial increases in expression at 6 h ( Fig. 2B ). Although seemingly more consistent with late phase/secondary response genes, this is at odds with the previously shown insensitivity to cycloheximide (28) . Nevertheless, the timing of induction for these two mRNAs is distinct from the nine showing classical primary response kinetics and we therefore refer to these as delayed response genes.
In the presence of dexamethasone, all 11 genes showed significant reductions in their mRNA expression induced by IL1B at 6 h (Fig. 2, A and B) . This effect was more modest at 1 and 2 h with CCL20 showing no repression at 1 h. Excluding ISG20 and OLR1, where there was little mRNA accumulation at 1 or 2 h, expression of the remaining 9 primary response genes ( Fig. 2A ) showed a dexamethasone-dependent repression that increased progressively with time ( Fig. 2C ). This is consistent with the repression of these mRNAs being prevented or reduced by cycloheximide and the fact that time is necessary for the syn- 
. Effect of dexamethasone and IL1B on phospho-MAPKs and DUSP-1 expression.
A, A549 cells were either not stimulated or stimulated with IL1B (1 ng/ml), dexamethasone (Dex, 1 M) or a combination of the two as indicated. Cells were harvested after 0.15, 0.5, 1, 2, or 6 h, and total proteins were prepared for Western blot analysis of phospho-ERK (P-ERK), phospho-p38 (P-p38), phospho-JNK (P-JNK), and GAPDH. Blots representative of at least 4 such experiments are shown. B, as in A, cells were harvested at the times indicated for Western blot analysis of DUSP-1 and GAPDH. Following densitometric analysis, data (n ϭ 9 -11) were normalized to GAPDH and plotted as mean Ϯ S.E. Significance, using ANOVA with a Bonferroni's multiple comparison test is indicated. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. thesis of glucocorticoid-induced gene products mediating repression (28) .
Release of CSF2, CXCL1, IL6, and IL8 into the supernatant and cellular expression of PTGS2 was analyzed. In each case, this was time dependently increased by IL1B in a manner that was significantly reduced by dexamethasone ( Fig. 2D ).
Effect of MAPK Inhibitors on IL1B-induced Gene Expression-
Recently, a highly selective, cell permeable inhibitor, JNK inhibitor 8, of the JNK MAPKs showing ϳ1 M potency on cellular JUN phosphorylation was described (31) . In A549 cells, IL1B induced JUN phosphorylation by 11.9 Ϯ 4.9-fold and this was prevented by JNK inhibitor 8 (EC 50 ϭ 0.8 M) (data not shown). Near maximal (83%) repression was achieved at 10 M and was used for subsequent studies.
To explore the role of p38 and ERK MAPK pathways in the expression of IL1B-induced mRNAs, the p38 inhibitor, SB203580, and the MAPK/ERK kinase (MEK) 1/2 inhibitor, U0126, were tested along with JNK inhibitor 8. Each inhibitor was used at 10 M, i.e. maximally effective concentrations as determined by substrate phosphorylation and functional responses in A549 cells (32, 33) . For most mRNAs, SB203580 produced a partial and time-variable inhibition of IL1B-induced gene expression (supplemental Table S1 ). CXCL2 and ISG20 were unaffected, and IL6 was strongly repressed. A generally lesser repressive effect was observed with U0126, with a further reduced inhibition observed for JNK inhibitor 8 (supplemental Table S1 ).
At the level of cytokine production, SB203580 significantly reduced CSF2, CXCL1, IL6, and IL8 release at 2 and 6 h FIGURE 2. Effect of dexamethasone and IL1B on inflammatory gene expression. A and B, A549 cells were either not stimulated (NS) (E) or stimulated with IL1B (1 ng/ml) (•) or IL1B plus dexamethasone (1 M) (IL1B ϩ Dex) (f) as indicated. Cells were harvested after 1, 2, or 6 h for real-time PCR analysis of the indicated genes and GAPDH. Data (n ϭ 11) were normalized to GAPDH and are plotted as mean Ϯ S.E. Significance was tested relative to time-matched IL1B-treated samples using ANOVA with a Bonferroni post-test. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. Genes were grouped according to the expression pattern with apparent "early phase" mRNAs in A and "delayed response" mRNAs in B. C, the effect of IL1B ϩ dexamethasone for each inflammatory mRNA in panel A is plotted as a percentage of IL1B for each time (left panel). The overall effect of dexamethasone in the presence of IL1B for the 9 genes combined is plotted as mean Ϯ S.E. (right panel). D, cells were treated as in A and the supernatants harvested after 1, 2, or 6 h for cytokine/chemokine release measurement. Data (n ϭ 6) expressed as picograms/ml are plotted as mean Ϯ S.E. (left panel). Significance, relative to IL1B-treated samples was tested using ANOVA with a Bonferroni post-test. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. Cells were harvested at the times indicated for Western blot analysis of PTGS2 and GAPDH (right panel). Blots representing at least 4 such experiments are shown.
(supplemental Table S1 ). Although robustly inhibiting CSF2 and CXCL1 release at 2 and 6 h, U0126 produced a lesser repressive effect on the release of IL6 and IL8 (supplemental Table S1 ). JNK inhibitor 8 was also effective at lowering CSF2 and CXCL1 release, but showed a reduced effect on IL6 and did not significantly inhibit IL8 at either time point (supplemental Table S1 ). PTGS2 protein expression was weakly induced by IL1B at 2 h and this appeared to be reduced by the individual kinase inhibitors (Fig. 3D ). By 6 h, there was robust PTGS2 expression and this was reduced by each MAPK inhibitor.
Inflammatory stimuli induce the expression of DUSP1 in part via MAPK pathways, such that inhibition of a single MAPK pathway may reduce or prevent DUSP1 expression (34 -36) . Because DUSP1 acts on all three MAPK pathways, such inhibition could correspondingly enhance activation of the remaining two MAPK pathways. Equally, cross-feedback control by p38 MAPK down-regulates the ERK pathway, which may therefore be enhanced in the presence of a p38 inhibitor (37) . Furthermore, the inhibitory effect of dexamethasone was not on any single pathway, but on all three MAPKs (Fig. 1A ). Therefore the effect of concurrent inhibition of these three pathways was investigated on inflammatory gene expression ( Fig. 3 ). IL1B strongly induced the expression of the 9 primary response genes and, in each case, this was significantly and substantially blocked by the combined MAPK inhibitors (Fig. 3A) . A similar near total repression was observed for ISG20 and OLR1 (Fig. 3B) , as well as for protein expression of CSF2, CXCL1, IL6, IL8, and PTGS2 ( Fig. 3, C and D) . There was no effect of the kinase inhibitors, alone or in combination on cell viability (data not shown).
Effect of DUSP1 Overexpression on MAPK Activation and Inflammatory Gene Expression-As previously described (28, 29) , adenoviral overexpression of DUSP1 substantially reduced ERK and p38 phosphorylation following treatment with IL1B ( Fig. 4A) . A similar repressive effect is now reported with respect to JNK and, in each case, there was no effect of a GFP expressing adenovirus (Fig. 4A ). With respect to the 11 IL1Binduced genes, a clear inhibition of mRNA, and where tested, protein, expression, by DUSP1 overexpression was shown for all genes (Fig. 4, B-D) . There was no effect of Ad5-GFP. Thus, like dexamethasone, DUSP1 can inhibit activation of all three MAPK pathways and profoundly reduce IL1B-induced inflammatory gene expression. MAY 9, 2014 • VOLUME 289 • NUMBER 19
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Effect of DUSP1 siRNA on MAPK Activation by IL1B in the Absence and Presence of Dexamethasone-Whereas a control siRNA targeted to LMNA revealed no effect on DUSP1 expression ( Fig. 5A ), targeting of DUSP1 by two separate siRNAs resulted in a substantial and significant losses of DUSP1 expression induced by IL1B or by IL1B plus dexamethasone (Fig. 5B) . This occurred at all times tested.
As described above, the three MAPK pathways were activated by IL1B and this was attenuated at 1, 2, and 6, by dexamethasone ( Fig. 6 ). There was no effect of the LMNA siRNA on MAPK activation induced by IL1B or IL1B plus dexamethasone (Fig. 6A, supplemental Table S2 ). However, 1 h post-IL1B treatment, the DUSP1 targeting siRNAs significantly increased TXY phosphorylation of all three MAPKs relative to LMNA control (Fig. 6, B and C) . This effect was not apparent 2 or 6 h post-IL1B treatment. Thus DUSP1 plays a significant role in feedback control of MAPKs at 1 h, but not at later times.
In the presence of dexamethasone, activation of ERK, p38, and JNK, as indicated by TXY phosphorylation, was reduced significantly at each time (Fig. 6, A-C) . The two DUSP1 targeting siRNAs both significantly increased MAPK phosphorylation at 1 h relative to the IL1B plus dexamethasone-treated control (Fig. 6, B and C) . Thus, DUSP1 expression induced by IL1B plus dexamethasone does act to reduce MAPK activation. However, in evaluating the role of DUPS1 in the repressive effects of dexamethasone, it is essential to account for the role of DUSP1 in feedback inhibition. Therefore in Fig. 6D , the MAPK phosphorylation produced by IL1B plus dexamethasone was expressed as a percentage of the IL1B-induced MAPK phosphorylation for each siRNA treatment. This allows the repressive effect of dexamethasone to be assessed and compared in the presence of DUSP1 or DUSP1 knockdown.
At 1 h, dexamethasone reduced the phosphorylation of each MAPK to ϳ50% of the IL1B-treated level in the presence of LMNA control siRNA (Fig. 6, C and D) . However, this repressive effect was significantly and substantially attenuated by the DUSP1-targeting siRNAs (Fig. 6D) , i.e. the percentage of MAPK phosphorylation for IL1B plus dexamethasone/IL1B was close to 100%. Thus DUSP1 knock-down prevented the dexamethasone-dependent repression of IL1B-induced MAPK phosphorylation. We therefore conclude that DUSP1 not only plays a key role in feedback control of ERK, p38, and JNK MAPKs, but is responsible for their repression by dexamethasone at 1 h.
These data contrast markedly with effects observed 6 h post-IL1B treatment (Fig. 6, B-D) . Although the overall level of MAPK activation was reduced relative to earlier times, there was still significant dexamethasone-dependent repression (Fig.  6, A and B) . However, this was unaffected by the DUSP1-targeting siRNAs suggesting that the later repressive effects of dexamethasone were not due to DUSP1 (Fig. 6, B-D) . At 2 h post-IL1B plus dexamethasone treatment, the effect of the two DUSP1 siRNAs was intermediate between the 1 and 6 h data. There were non-significant trends toward increased MAPK phosphorylation ( Fig. 6C ) and concomitant, but variable, losses of dexamethasone-dependent repression (Fig. 6D) .
Effect of DUSP1 Knock-down on IL1B-induced mRNA Expression in the Absence and Presence of Dexamethasone-IL1B induced the expression of all 11 inflammatory mRNAs and this was unaffected by the LMNA siRNA (supplemental Table S2 ). Similarly, dexamethasone significantly repressed the IL1B-induced expression of all 11 mRNAs and this was also unaffected by LMNA siRNA (supplemental Table S2 ). Therefore, in subsequent analyses, the effects of DUSP1-targeting siRNAs were compared solely to the LMNA control siRNA.
Following IL1B treatment, DUSP1 knock-down increased the expression of all 9 acute-phase mRNAs at 1 h (Fig. 7A ). This effect was significant with respect to one or both DUSP1-targeting siRNAs for CCL2, CSF2, CXCL3, IL6, IL8, and PTGS2. By 2 h post-IL1B treatment, and with the exception of IL6, this trend was markedly reduced or absent. Conversely, at 6 h post-IL1B treatment, DUSP1 knock-down produced a general trend toward lowering the expression of the 9 acute-phase genes. This was significant for CCL2, CCL20, CSF2, CXCL1, CXCL2, CXCL3, and PTGS2 with respect to one or both DUSP1 siRNAs (Fig. 7A ). DUSP1 knockdown also enhanced IL1B-induced expression of the two delayed response genes (Fig. 7C ). Although this was significant for OLR1 at 1 h, there was no effect on either gene at 6 h.
In the presence of dexamethasone, IL1B-induced expression of all mRNAs was repressed at 2 and 6 h ( Fig. 7A) . At 1 h all the mRNAs, with the exception of CCL20, were repressed by dexamethasone ( Fig. 7A) . Although not significant for CSF2, these data are consistent with Fig. 2 . The DUSP1 targeting siRNAs again produced a general trend toward higher levels of inflammatory gene expression at 1 h post-treatment. Indeed relative to IL1B plus dexamethasone-treated (plus LMNA siRNA), there was significantly increased mRNA expression of CCL2, CCL20, CSF2, CXCL1, CXCL2, CXCL3, IL8, and PTGS2 with at least one DUSP1 siRNA (Fig. 7A ). Although not induced by IL1B at 1 h, there was a significant repression by dexamethasone of ISG20 and this was prevented by the DUSP1 siRNAs ( Fig. 7C ). IL1B-induced OLR1 expression was also repressed by dexamethasone, but this was unaffected by DUSP1 knockdown (Fig. 7C ). Thus, with the exception of OLR1, DUSP1 expression induced by IL1B plus dexamethasone does exert negative regulation of these inflammatory genes. However, this effect was completely lost by 6 h with no genes showing significant effects of DUSP1 knockdown relative to IL1B plus dexamethasone (plus LMNA siRNA) (Fig. 7, A and C) . At 2 h, the effect of DUSP1 knock-down was variable and intermediate with the effects at 1 and 6 h.
To correctly assess the role of DUSP1 in the repressive effects of dexamethasone, it is necessary to consider the feedback control exerted by IL1B-induced DUSP1. For example, at 1 h post-IL1B treatment, DUSP1 exerts a significant feedback inhibition of CCL2 mRNA (Fig. 7A ). At this time, dexamethasone significantly represses IL1B-induced CCL2 expression and this was modestly reversed by the DUSP1 siRNAs (Fig. 7A ). However, expressing the IL1B plus dexamethasone-induced expression of CCL2 as a percentage of the IL1B-induced CCL2 for the LMNA and DUSP1 targeting siRNAs shows no difference in the repressive effect of dexamethasone (Fig. 7B, top left panel) . This effect is more striking with respect to CXCL3, IL6, and IL8 at 1 h. In each case, there was significant repression of IL1B-induced expression by dexamethasone, and the DUSP1 targeting siRNAs increased this mRNA expression relative to IL1B plus the dexamethasone (plus FIGURE 5. Effect of LMNA and DUSP1 targeting siRNAs on IL1B and IL1B plus dexamethasone-induced DUSP1 expression. A549 cells were: A, incubated without or with LMNA-specific siRNA; or B, incubated with LMNA (control) or DUSP1-specific siRNAs. After 24 h, cells were treated with IL1B (1 ng/ml) or IL-1␤ plus dexamethasone (1 M) (Dex) as indicated. Cells were harvested at 1, 2, or 6 h for Western blot analysis of DUSP1 and GAPDH. Representative blots are shown. Following densitometric analysis, data in A (n ϭ 7) were normalized to GAPDH and are plotted as mean Ϯ S.E. In B, data (n ϭ 10), normalized to GAPDH were expressed as a percentage of LMNA siRNA plus IL1B-stimulated cells for each time and plotted as mean Ϯ S.E. In each case, significance was tested using ANOVA with Bonferroni's multiple comparison test is indicated. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
LMNA siRNA)-treated ( Fig. 7A ). However, comparing the effect of dexamethasone in the presence of each siRNA (LMNA versus DUSP1 si1 and DUSP1 si2) showed no differences in the overall repression (Fig. 7B) . Thus, despite a clear role in feedback inhibition of mRNA expression for these genes, there was no additional role for DUSP1 in the repression exerted by dexamethasone on CCL2, CXCL3, IL6, and IL8 mRNAs at 1 h. A similar result was observed for OLR1 ( Fig. 7D ).
This contrasts with the effects observed for CXCL1, CXCL2, PGTS2 and, although not significant, CSF2. For each of these genes, dexamethasone significantly repressed the IL1B-induced gene expression at 1 h and in each case their mRNA expression was increased by DUSP1 knock-down (Fig. 7A) . Thus in the context of IL1B plus dexamethasone, DUSP1 exerts a negative regulatory effect on these mRNAs. The relative repressive effect of dexamethasone was next considered in the context of each siRNA treatment (Fig. 7B) . For CXCL1 and CXCL2, the level of repression achieved by dexamethasone in the presence of LMNA siRNA was significantly greater than with the two DUSP1 targeting siRNAs (Fig. 7B) . Indeed, there was no significant repression by dexamethasone in the pres-ence of the DUSP1 targeting siRNAs. A similar trend was observed for CSF2. Thus, at 1 h DUSP1 accounts for virtually all of the repressive effect of dexamethasone on CXCL1 and CXCL2, and possibly CSF2. Similarly, ISG20 was also repressed by dexamethasone at 1 h and this repression was absent in the presence of the DUSP1 targeting siRNAs (Fig. 7, C and D) . With respect to PTGS2 mRNA, dexamethasone produced a significant repression at 1 h that was significantly reversed by the two DUSP1 targeting siRNA (Fig. 7, A and B) . However, even in the presence of the DUSP1 siRNAs, there was still significant repression by dexamethasone (Fig. 7, A and B) . Thus, whereas establishing a role for DUSP1 in the dexamethasone-dependent repression of PTGS2, this does not account for the full repressive effect of dexamethasone.
Analysis of IL1B-induced mRNA expression at 6 h showed a very profound dexamethasone-dependent repression for all 9 primary response genes and the two delayed response genes (Fig. 7, A and C) . However, in all cases this was unaffected by DUSP1 knockdown. This contrasts with 2 h, where often intermediate effects, between 1 and 6 h, were observed (Fig. 7A ). It is important to note that the percent of effect of dexamethasone FIGURE 6. Effect of LMNA-and DUSP1-targeting siRNA on IL1B-induced MAPK phosphorylation. A549 cells were: A, incubated without or with LMNAspecific siRNA, or B, incubated with LMNA (control) or DUSP1-specific siRNAs. After 24 h, cells were treated with IL1B (1 ng/ml) or IL1B plus dexamethasone (1 M) (Dex) as indicated. Cells were then harvested at 1, 2, or 6 h, and total proteins were prepared for Western blot analysis of phospho-ERK (P-ERK), phospho-p38 (P-p38), phospho-JNK (P-JNK), and GAPDH. Representative blots are shown. Blots representative of at least 6 -9 such experiments are shown. Densitometric data from A appear in supplemental Table S2 . C, following densitometric analysis, data from B were normalized to GAPDH, expressed as a percentage of LMNA siRNA plus IL1B-stimulated for each time and plotted as mean Ϯ S.E. Significance was tested using ANOVA with a Newman-Keul multiple comparison test. Significance between: LMNA control siRNA plus IL1B and each of the DUSP1 targeting siRNAs plus IL1B, and the LMNA control plus IL1B plus Dex is shown. Other comparisons are specifically indicated. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. D, for each P-MAPK at each time, the effect of IL1B plus Dex expressed as a percentage of IL1B for each of the three individual siRNAs is plotted as a mean Ϯ S.E. The percent of IL1B plus dexamethasone/IL1B for the LMNA siRNA is compared with that for each DUSP1-specific siRNAs using ANOVA with a Dunnett's post-test. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. for the 9 primary response genes at 6 h was apparently reduced with DUSP1 knock-down relative to the repression achieved in the presence of LMNA siRNA (Fig. 7B ). However, this effect is driven by the lower expression of each mRNA produced following DUSP1 knock-down in the presence of IL1B (Fig. 7A) . As a consequence, these data do not support a role for DUSP1 in the dexamethasone-dependent repression of the 9 primary response genes at 6 h. Conversely, whereas IL1B plus dexamethasone-induced ISG20 mRNA expression was unaffected by DUSP1 knockdown (Fig. 7, C and D) , the dexamethasone-dependent repression of OLR1 was modestly reduced by the DUSP1 targeting siRNA (Fig. 7D) .
Effect of DUSP1 Knock-down on IL1B-induced Protein Expression in the Absence and Presence of Dexamethasone-Supernatants from the experiments in Figs. 5-7 were analyzed for cytokine release. IL1B stimulated the release of CSF2, CXCL1, IL6, and IL8 at 6 h and this was significantly repressed by dexamethasone in a manner that was unaffected by the LMNA control siRNA (supplemental Table S2 ). However, because of the need to use subconfluent cells for optimal siRNA transfections, the release of CSF2 at 2 h was below the detection limit of the assay (Fig. 8A) . The two DUSP1-targeting siRNAs had no effect on the IL1B-induced release of CSF2 or CXCL1, whereas IL6 and IL8 release appeared to be enhanced (Fig. 8A) . This reached significance for IL6 at 6 h with one DUSP1 siRNA. With respect to PTGS2, there was no effect of the LMNA siRNA, but DUSP1 targeting enhanced IL1B-induced expression ( Fig. 8C) .
Dexamethasone significantly reduced the release of each cytokine/chemokine and the DUSP1 targeting siRNAs generally increased this. This was significant for CXCL1 at 2 and 6 h FIGURE 7. Effect of DUSP1 targeting siRNAs on IL1B-induced inflammatory gene mRNA expression. A and C, A549 cells were incubated with LMNA (control) or DUSP1-specific siRNAs for 24 h before being treated with IL1B (1 ng/ml) or IL1B plus dexamethasone (1 M) (Dex) as indicated. Cells were harvested after 1, 2, or 6 h for real time-PCR analysis of the indicated genes and GAPDH. Data (n ϭ 5-13) normalized to GAPDH, were expressed as a percentage of LMNA siRNA plus IL1B stimulated for each time and plotted as mean Ϯ S.E. Significance was tested using ANOVA with a Newman-Keul multiple comparison test. Significance between: LMNA control siRNA plus IL1B and each of the DUSP1 targeting siRNAs plus IL1B, and the LMNA control plus IL1B plus Dex is shown. Other comparisons are specifically indicated. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. Early phase genes are shown in A and delayed response genes in C. B and D, for each inflammatory gene at each time, the effect of IL1B plus Dex expressed as a percentage of IL1B for each of the three individual siRNAs is plotted as a mean Ϯ S.E. The percent of IL1B plus dexamethasone/IL1B for the LMNA siRNA is compared with that for each of the DUSP1-specific siRNAs using ANOVA with a Dunnett's post-test. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. Early phase genes are shown in B and delayed response genes in D. and IL8 at 2 h (Fig. 8A) . When expressed as a percentage of IL1B for each siRNA (Fig. 8B) , the dexamethasone-dependent repression at 6 h was significantly reduced by both DUSP1 targeting siRNAs for CSF2, CXCL1, and IL8 and by one DUSP1 targeting siRNA for IL6. Thus a role for DUSP1 in the dexamethasone-dependent repression of CSF2, CXCL1, IL6, and IL8 protein release is indicated. However, this reversal of repression was very partial at 6 h and indicates the existence of DUSP1independent mechanisms of repression (Fig. 8B) . In contrast, the reversal of repression by the DUSP1 siRNAs at 2 h was complete for CXCL1 and near complete for IL8 at 2 h (Fig. 8, A  and B) . Thus, DUSP1 provides all, or the greater part, of the repressive effect of dexamethasone on CXCL1 and IL8 at 1 h, but a lesser role at 6 h. Analysis of PTGS2 protein revealed similar data to that for IL6 release. The LMNA siRNA had no effect on IL1B ϩ dexamethasone-induced PTGS2 expression ( Fig. 8C) . However, despite a clear feedback role, independent effects of DUSP1 in dexamethasone-dependent repression of the PTGS2 protein were not evident (Fig. 8C ).
DISCUSSION
Glucocorticoids repress inflammatory gene expression via mechanisms that may include direct repression of transcription (transrepression) and the induction of glucocorticoid-induced effector genes that then reduce inflammatory gene expression (10, 14) . Importantly, inflammatory gene expression frequently involves MAPK activation and there is considerable interest in DUSP1 as a major effector of glucocorticoid repression (17, 38) . However, even where inflammatory gene expression is MAPKdependent and repressed by DUSP1 overexpression, simple knockdown or loss of DUSP1 does not necessarily prevent, or even attenuate, glucocorticoid-dependent repression (23, 24) . To explore this, we turned to 11 IL1B-induced genes whose mRNA expression was repressed by dexamethasone in a cycloheximide-sensitive manner (30) . This implies that gene expression is necessary for repression and represents the starting point for the current study.
Inhibitors of p38, MEK1/2, and JNK variably, but generally only partially, inhibited mRNA expression of the 11 inflammatory genes. However, by combining all three inhibitors together, a striking and near complete inhibition of the mRNA and protein expression of all 11 genes was observed. Explanations for this effect are multiple, but may include pathway redundancy in the induction of these genes. Equally, cross-regulatory control between MAPK pathways (see above) could substantially under-represent the role of any one pathway following its inhibition (38, 39) . Conversely, simultaneous inhibition of all three MAPK pathways prevents this issue and represents a highly effective means of inhibiting inflammatory gene expression, one that is also adopted by glucocorticoids. Likewise DUSP1 over-expression inhibited each MAPK pathway and reduced inflammatory gene expression. These 11 genes are FIGURE 8. Effect of DUSP1 targeting siRNA on IL1B-induced inflammatory gene protein release/expression. A, A549 cells were incubated with LMNA (control) or DUSP1-specific siRNAs for 24 h before being treated with IL1B (1 ng/ml) or IL1B plus dexamethasone (1 M) (Dex) as indicated. Supernatants were harvested after 2 or 6 h for cytokine/chemokine release measurement. Data (n ϭ 9 -15) expressed as picograms/ml are plotted as mean Ϯ S.E. Note: release of CSF2 at 2 h was below the detection limit of the assay. Significance was tested between the LMNA control siRNA plus IL1B and each of the DUSP1 targeting siRNAs plus IL1B, and LMNA control plus IL1B plus Dex using ANOVA with a Newman-Keul multiple comparison test. Other comparisons are specifically indicated. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. B, for each cytokine/chemokine at each time, the effect of IL1B plus Dex was expressed as a percentage of IL1B for each of the three individual siRNAs and is plotted as a mean Ϯ S.E. The percent of IL1B plus dexamethasone/IL1B for the LMNA siRNA is compared with that for each DUSP1-specific siRNAs using ANOVA with a Dunnett's post-test. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. C, Cells were treated as in A and harvested for Western blot analysis of PTGS2 and GAPDH. Blots representative of at least 4 such experiments are shown. therefore induced by IL1B in a MAPK-dependent manner that is prevented by DUSP1 overexpression. As DUSP1 expression is induced by IL1B and enhanced by dexamethasone, these genes represent targets to explore DUSP1 function.
To understand regulation of inflammatory gene expression by glucocorticoids, it is essential to consider the feedback role of DUSP1 (38, 39) . In the presence of IL1B, DUSP1 provides transient feedback control of the ERK, p38, and JNK MAPKs. Loss of DUSP1 elevated MAPK phosphorylation at 1 h, but had no effect at 2 or 6 h post-IL1B treatment. Similarly, at 1 h the 9 primary response genes, plus ISG20 and OLR1, showed a trend, significant for 7 genes, toward increased expression following DUSP1 knockdown. This is consistent with feedback control by DUSP1 for multiple genes (20, 21) , including, in A549 cells, CSF2, IL6, IL8, and PTGS2 (40) . However, by 2 h post-IL1B this enhancement had largely disappeared. Indeed, by 6 h post-IL1B, DUSP1 knockdown significantly reduced the IL1B-induced expression of many of the primary response genes, but not the two delayed response genes.
One possible candidate to explain this effect is tristetraprolin (ZFP36). This binds AUUUA-containing mRNAs, such as CSF2, IL8, and PTGS2, to promote mRNA destablization and translational silencing (40, 41) . ZFP36 is strongly and transiently induced following proinflammatory stimuli (41), including IL1B in A549 cells, where its expression is MAPK-dependent (42) . Furthermore, loss of DUSP1, by increasing MAPK activation, is shown to increase ZFP36 expression (43) . This is predicted to enhance feed-forward control of AUUUA-containing inflammatory genes. Because all 9 of the primary response genes in the current study have one, but typically more, AUUUA motifs in their 3Ј untranslated regions, this offers some explanation for the observed reductions in inflammatory gene expression at 6 h.
In terms of the repression elicited by dexamethasone, we document a non-redundant role for DUSP1 as the primary effector in the early onset repression of all three MAPK pathways following IL1B plus dexamethasone co-treatment. This coincides with the greatest levels of DUSP1 expression induced by IL1B plus dexamethasone. However, by 2 h post-treatment the role of DUSP1 in MAPK repression had waned and by 6 h, there was no effect of DUSP1 knockdown. This suggests the existence of additional mechanisms by which dexamethasone must repress MAPKs. Such data are supported by studies showing only a partial effect of DUSP1 knockdown on the repression of MAPK phosphorylation following dexamethasone pre-treatment (28) . However, whereas up-regulation of other DUSPs is not indicated (16, 38) , glucocorticoid-induced genes such as TSC22D3, which may inhibit Ras-Raf activation of MAPKs (44) , or the cyclin-dependent kinase inhibitor 1C (CDKN1C), which may inhibit JNK signaling (45) , are both induced by dexamethasone in A549 cells (46 -48) .
Dealing with the dexamethasone-dependent control of gene expression, DUSP1 knockdown almost totally prevented the repression of IL1B-induced CXCL1 and CXCL2 mRNAs at 1 h, with a similar trend for CSF2. Conversely, and aside from roles in feedback inhibition, dexamethasone repression of CCL2, CXCL3, IL6, IL8, and OLR1 at 1 h was unaltered by loss of DUSP1. One explanation for this would be a failure to suffi-ciently knock-down DUSP1 expression. However, the fact that dexamethasone-dependent inhibition of MAPK phosphorylation and repression of CXCL1, CXCL2 mRNA at 1 h was prevented by the DUSP1-targeting siRNAs suggest sufficiency of the DUSP1 knock-down. DUSP1-independent mechanisms are therefore likely to be responsible for this repression. With PTGS2, DUSP1 was involved in feedback control and at 1 h, dexamethasone-dependent repression was partly prevented by DUSP1 knockdown. This supports both DUSP1-dependent and DUSP1-independent mechanisms of repression. Moving on to 6 h, the dexamethasone-dependent repression of all mRNAs was enhanced relative to earlier times. However, in this case repression was essentially unaffected by DUSP1 knockdown. Therefore (non-redundant) roles for DUSP1 are not supported (notwithstanding a modest role in the repression of OLR1 at 6 h). Thus, following the early phase of DUSP1-dependent repression, there must be an induction of additional effector processes that either become the predominant effectors or act redundantly with DUSP1. For example, whereas expression of the DUSP1 protein was evident within 30 min to 1 h of IL1B plus dexamethasone treatment, the expression of TSC22D3, which reduces activation of NF-B, activator protein-1, and possibly MAPKs (44), is detected 1-2 h following IL1B plus dexamethasone treatment (48) .
At the protein level, DUSP1 knockdown tended to increase IL6, IL8, and PTGS2 expression and this supports the previously described feedback role on these genes (40) . Two hours post-IL1B, dexamethasone-dependent repression of CXCL1 release was totally prevented by loss of DUSP1. This confirms DUSP1 as the major effector of repression at this time. However, by 6 h post-IL1B, DUSP1 only accounted for around half of the dexamethasone-dependent repression of CXCL1 release. Similarly, there was clear evidence of a role for DUSP1 in dexamethasone repression of IL8 release at 2 h, whereas by 6 h, both IL8 and CSF2 release only showed very modest losses of repression following DUSP1 knockdown. Thus, the release of CXCL1 and IL8 confirm key roles for DUSP1 in the repression by dexamethasone at 2 h, yet more modest, if any, roles at 6 h. Conversely, DUSP1-independent mechanisms of repression appear to play dominant roles in the dexamethasone repression of IL6 and PTGS2 at both 2 and 6 h.
In conclusion, we use pulmonary A549 cells to document a central role for glucocorticoid-induced DUSP1 in the early repression of selected inflammatory mRNAs and proteins. However, this role is transitory, and by 6 h DUSP1-independent mechanisms of repression dominate with respect to the 11 genes tested. As these genes were selected based on the cycloheximide sensitivity of their repression by dexamethasone (30) , these data point to the existence of additional dexamethasonedependent gene expression events that are important for repression. These should be required for the repression of some genes at early times and for all 11 genes at later times. This finding explains previous difficulties in establishing roles for DUSP1 in the dexamethasone-dependent repression of IL8 and CSF2 (28, 29) . Importantly, if widespread in relevant human systems, and this now requires testing, these data may have repercussions for the development of improved anti-inflammatory NR3C1 agonists. Contrary to DUSP1 being a major effec-tor of glucocorticoid action (4, 38) , the current data suggests a transient, more minor, role for DUSP1 compared with DUSP1independent mechanisms of repression. Therefore, whereas the up-regulation of DUSP1 by novel NR3C1 receptor modulators has correlated with repressive or anti-inflammatory effects (49, 50) , this may not hold for all such agonists. The current data emphasize the need to continue the characterization of glucocorticoid-induced effector responses and to explore their roles relative to known effectors such as DUSP1. These findings are currently restricted to a specific number of genes in A549 cells. Therefore further testing with additional inflammatory genes, in different cell types and different inducing agents is required. Only by fully understanding the detailed nature of the anti-inflammatory response can we hope to achieve rational improvements in anti-inflammatory NR3C1 agonist therapies.
